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Yeast mitochondriaIn Saccharomyces cerevisiae themature cytochrome bc1 complex exists as an obligate homo-dimer in which each
monomer consists of ten distinct protein subunits inserted into or bound to the inner mitochondrial membrane.
Among them, the Rieske iron–sulfur protein (Rip1), besides its catalytic role in electron transfer,may be implicat-
ed in the bc1 complex dimerization. Indeed, Rip1 has the globular domain containing the catalytic center in one
monomer while the transmembrane helix interacts with the adjacent monomer. In addition, the lack of Rip1
leads to the accumulation of an immature bc1 intermediate, only loosely associated with cytochrome c oxidase.
In this study we have investigated the biogenesis of the yeast cytochrome bc1 complex using epitope tagged
proteins to purify native assembly intermediates. We showed that the dimerization process is an early event
during bc1 complex biogenesis and that the presence of Rip1, differently from previous proposals, is not essential
for this process.We also investigated themulti-stepmodel of bc1 assembly thereby lending further support to the
existence of bona ﬁde subcomplexes during bc1 maturation in the inner mitochondrial membrane. Finally, a new
model of cytochrome bc1 complex assembly, in which distinct intermediates sequentially interact during bc1
maturation, has been proposed.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
The ubiquinol-cytochrome c reductase, also called cytochrome bc1
complex or complex III, is the third component of the mitochondrial
electron transfer chain. This enzymatic complex plays a key role in
oxidative phosphorylation coupling electron transfer with proton
pumping across the innermitochondrialmembrane. The resulting proton
gradient is used to form ATP by ATP synthase. In Saccharomyces cerevisiae
mitochondria the cytochrome bc1 complex is a multi-subunit transmem-
brane protein consisting of ten different subunits, encoded by both mito-
chondrial and nuclear genomes. The catalytic core, responsible for
electron transfer and proton pumping, is formed by cytochrome b
(Cyt b), cytochrome c1 (Cyt c1) and the Rieske iron–sulfur protein
(Rip1). All the other seven subunits lack prosthetic groups. They are the
two core proteins, Cor1 and Cor2, and the supernumerary subunits
Qcr6, Qcr7, Qcr8, Qcr9 and Qcr10.
In the inner mitochondrial membrane the cytochrome bc1 complex
exists as a homo-dimer associated with one or two copies of the
cytochrome c oxidase (CcO) complex to form supercomplexes. Co-
association of these enzymes is shown by blue native gel electrophoresis39 0832 298626.(BN-PAGE) under digitonin extraction conditions [1–4]. Supercomplexes
formation has been proposed to enhance electron ﬂow between the
respiratory chain complexes [5–7] minimizing the generation of reactive
oxygen species (ROS) [8] and to increase individual complex stability [9].
Furthermore, because of their dynamic character, the supercomplexes are
involved in metabolic adaptations and in control of cellular signaling
pathways [6,7,9].
The yeast S. cerevisiae represents a suitable model for investigating
the pathway of assembly of the cytochrome bc1 complex into the
inner mitochondrial membrane because of its ability to survive in a
fermentable medium when the functioning of the respiratory chain is
impaired. Biogenesis of cytochrome bc1 complex occurs as a multiple-
step pathway in which distinct immature subcomplexes are formed
[1,2]. In previous studies we showed the existence of these bc1
subcomplexes using the two-dimensional analysis (BN-PAGE followed
by SDS-PAGE and immunodecoration) of mitochondrial membranes iso-
lated from several yeast mutant strains in which single or double genes
encoding bc1 subunits had been deleted. The smallest subcomplex identi-
ﬁed during the bc1 complex assembly process with this experimental
approach contains the mitochondrially-encoded cytochrome b (Cyt b)
and the nuclear-encoded Qcr7 and Qcr8 subunits. This small subcomplex
(about 230 kDa on BN-PAGE) most probably represents the nucleating
core of the complex and was therefore named the bc1 early core. Subse-
quently, a subcomplex consisting of cytochrome c1 (Cyt c1) and the two
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larger structure of about 500 kDa (late core subcomplex) [10]. Both the
supernumerary Qcr6 and Qcr9 subunits can also be contained in the late
core [1,2,10]. This nonfunctional subassembly intermediate is loosely
associated with CcO, most probably because the interaction between
the two complexes is largely destabilized by BN-PAGE conditions [11].
Finally, Rip1 and Qcr10 subunits are recruited into the late core to build
up the mature and functional bc1 complex [1,2,10].
As in the case of biogenesis of other multi-subunit complexes of the
mitochondrial respiratory chain, several chaperone proteins ensure
efﬁcient and successful bc1 complex assembly. Cbp6, a translational acti-
vator of Cyt b, and Cbp3, a bc1 complex assembly factor, form a complex
with the newly synthesized Cyt b at the mitochondrial ribosomal tunnel
exit [12–14]. When the new polypeptide is released from the ribosome,
the additional factor Cbp4 is also recruited to this complex that ﬁnally
promotes the assembly of Cyt b in the functional bc1 complex [13,15].
Bcs1 andMzm1are known to play a key role in thematuration and in-
sertion of Rip1 into the bc1 complex. The AAA ATPase Bcs1mediates Rip1
translocation across the inner mitochondrial membrane from the mito-
chondrial matrix, in which the maturation of Rip1 occurs [11,16–18].
The Rip1 chaperone Mzm1 stabilizes Rip1 prior to the translocation step
[11,18]. In the absence of Mzm1, Rip1 is prone to proteolytic degradation
and the bc1 late core accumulates [11]. In the same way, the deletion of
the nuclear gene encoding Bcs1 stalled the bc1 assembly leading to the ac-
cumulation of the stable late core [16]. Bcs1 is also associated with this
subcomplex and cells lacking Bcs1 are not able to incorporate Rip1 into
the bc1 complex [11,16,17]. Kinetics analysis demonstrated that electron
transfer from ubiquinol to Rip1 or from Rip1 to cytochrome c1 must be
the rate-limiting partial reaction within the enzyme [19]. Thus, cells
lacking the catalytic subunit Rip1 exhibit bc1 activity defect, associated
to a compromised respiratory growth [20].
Mitochondrial cytochrome bc1 complex exists as an obligate homo-
dimer and Rip1 subunit may be implicated in complex dimerization.
Indeed, Rip1 has the globular domain containing the catalytic center
in one monomer and the transmembrane helix interacting with the
adjacent monomer. However, it is currently unknown at which step
during the modular process of assembly the bc1 complex dimerizes.
In the present study, the afﬁnity puriﬁcation of the Cor2 subunit
from ΔRIP1/ΔCOR2 and ΔCOR1/ΔCOR2 double deletion yeast strains
expressing Cor2-TAP allowed us to analyze the molecular composition
of distinct bc1 subcomplexeswith amethod different from that common-
ly used and consisting of BN-PAGE followed by SDS-PAGE and
immunodecoration. In these strains, the absence of Rip1 or Cor1 subunits
leads to the accumulation of different Cor2-containing assembly interme-
diates, whose composition needed to be still investigated.
With this alternative method we corroborated themulti-step model
of bc1 assembly thereby lending further support to the bona ﬁde
existence of distinct subcomplexes during bc1 maturation in the inner
mitochondrial membrane [2].
In addition, with this novel approach we demonstrated for the ﬁrst
time that the late core is already in a dimeric state, thereby indicating
that dimerization is an early event during bc1 complex biogenesis.
Differently fromprevious proposals, the presence of Rip1 did not appear
to be essential for the dimerization process.Table 1
S. cerevisiae strains used in this study.
Strain Genotype
W303-1B (WT) MATα, ade2–1, his3–11,15, trp1–1, leu2–3,112, ura3–1, can1–
JDP1 (ΔQCR9) MATa, ade2–1, his3–11,15, trp1–1, leu2–3,112, ura 3–1, can1–
JN33 (ΔCOR2) MATa, ade2–1, his3–11,15, trp1–1, leu2–3,112, ura 3–1, can1–
VZ31 (ΔRIP1) MAT a, ade2–1, his3–11,15, trp1–1, leu2–3,112, ura3–1, can1–
VZ90 (ΔCOR1/COR2) cor1Δ::HIS3, cor2Δ::TRP1
VZ101 (ΔCOR2/RIP1) cor1Δ::HIS3, ISPΔ::LEU22. Materials and methods
2.1. Chemicals
Yeast extract and bacto-peptone were purchased from Difco (Detroit,
MI, USA). Cycloheximide, digitonin, lyticase, FLAG-conjugated agarose
beads, yeast nitrogen base without amino acids, decylubiquinone,
cytochrome c from horse heart, phenylmethylsulfonyl ﬂuoride
(PMSF), dithiothreitol (DTT), acrylamide, bis-acrylamide, N,N,N′N′-
tetramethylethylenediamine (TEMED), ammonium peroxodisulfate,
6-aminohexanoic acid, agar, glucose, molecular weight protein
markers for electrophoresis and glycerol from Sigma (St Louis, MO,
USA). Goat anti-mouse IgG magnetic beads were from New England
Biolabs Inc. (Ipswich, MA, USA), tobacco etch virus (TEV) protease
was from Invitrogen (Waltham, MA USA), calmodulin agarose
beads were from Agilent Technologies (Santa Clara, CA, USA). Tricine
was from USB (Cleveland, OH, USA). Nitrocellulose was from Pall Life
Sciences (New York, NY, USA). Bis–Tris, ULTROL grade, was from
Calbiochem (La Jolla, CA, USA). Coomassie Brilliant Blue G-250 was
from Serva (Heidelberg, Germany). All other reagents were of analytical
grade.
2.2. Yeast strains and growth media
The S. cerevisiae strains used in this study are listed in Table 1. The
construction of plasmids expressing Cor2-TAP and Qcr9-FLAG was
described previously [11,21].
For the isolation of mitochondria, the yeast strains were grown in
liquid YPD medium containing 1% (w/v) yeast extract, 2% (w/v) bacto
peptone and 2% (w/v) glucose (pH 5.0). The recombinant yeast strains
were grown in 2% (w/v) glucose synthetic medium lacking relevant
amino acids to maintain plasmid selection. For growth assays on solid
medium, synthetic complete medium was supplemented with either
2% glucose or glycerol and relevant amino acids. Cultures for growth
tests were grown in 2% glucose synthetic complete medium overnight
and then normalized to absorbance at 600 nm and applied to solid
medium in 1:10 serial dilutions.
2.3. Preparation of mitochondria
Mitochondria were isolated as described previously [11]. Brieﬂy,
lyticase was used to get spheroplasts, which were homogenized on ice
using a Teﬂon Potter homogenizer, and mitochondria were isolated by
differential centrifugation. The total mitochondrial protein concentra-
tion was determined using the Bradford method [22].
2.4. Enzymatic bc1 complex activity assay
The bc1 activity of isolated mitochondria was determined by mea-
suring the reduction of oxidized cytochrome c at 550 nm. Mitochondria
(30 μg protein) were incubated for 1 min at 30 °C in a reaction medium
containing 50 mM potassium phosphate (pH 7.2), 0.01% (w/v) Tween-
20, 50 mM EDTA, 4 mM KCN and 40 mM oxidized cytochrome c. The
reaction was initiated by supplying decylubiquinol (DBH2) to a ﬁnalReference
100 Gift from A. Tzagoloff, Columbia University, New York, NY
100, qcr9Δ1::URA3
100, cor2Δ::TRP1 Nett and Trumpower, unpublished data
100, rip1Δ::LEU2
[1]
[1]
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calculated from the absorbance increase at 550 nm. Speciﬁc activity was
calculated as micromoles of cytochrome c reduced min−1 mg protein−1
with an extinction coefﬁcient of 19.6 mM−1 cm−1.
2.5. Two-dimensional BN⁄SDS-PAGE, Western blotting and ECL detection
Blue native PAGE (BN-PAGE)was performed essentially as described
previously [23–25] with 1% digitonin in ice-cold buffer containing
20mMTris/HCl (pH 7.4), 0.1 mMEDTA, 50mMNaCl, 10% (w/v) glycer-
ol, and 1 mM PMSF. After electrophoresis, the mitochondrial proteins
were transferred to nitrocellulose membrane and decorated with anti-
bodies as described below. Alternatively, parallel sample lanes were
excised from the gel and incubated for 20 min in a solution containing
60 mM Tris/HCl (pH 6.8) and 0.2% SDS at room temperature. Each gel
slice was then placed horizontally in the gel pouring apparatus for the
second dimension (SDS/PAGE), already containing the separating gel
(15% polyacrylamide and 0.1% SDS). The gel slice was subsequently
encased in 5% polyacrylamide stacking gel and ﬁnally submitted to
electrophoresis and transferred to nitrocellulosemembrane byWestern
blotting following standard procedures. Immunodetection was per-
formed using polyclonal and monoclonal primary antibodies against
the various subunits of the yeast cytochrome bc1 complex prepared in
the Trumpower laboratory. Antibodies against Qcr6 and Qcr10 subunits
of the yeast cytochrome bc1 complexwere prepared by Sigma. Antibodies
against Bcs1 were a generous gift from R. Stuart (Marquette University,
Milwaukee, WI, USA). The secondary antibodies were peroxidase-
conjugated anti-rabbit IgG (Chemie, Rockford, IL, USA) or anti-mouse
IgG (Amersham Biosciences, Chalfont St Giles, UK). Immunodetection
was performed by the ECL kit (Millipore, Billerica, MA, USA) and the
ﬂuorographs containing the immunodetected proteins were scanned
and quantiﬁed using an Imaging Densitometer GS-700 from Bio-Rad
(Hercules, CA, USA).
2.6. Cor2-Tandem Afﬁnity Puriﬁcation (TAP)
Mitochondria from cells expressing Cor2-TAP plasmid, grown on
synthetic glucose medium with auxotrophic selection, were isolated
as described above. Mitochondria were lysed in 450 μl of IPP150 buffer
(10mM Tris, pH 7.4, 150mMNaCl, 1 mM PMSF, 1% digitonin) on ice for
10min. Lysates were clariﬁed by centrifugation at 10,000 ×g for 10min
at 4 °C and incubated overnight at 4 °Cwith IgGmagnetic beads (50 μl),
previously washed in IPP150 buffer containing 0.5% digitonin. Beads
were precipitated magnetically and rinsed in TEV buffer (10 mM Tris,
pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 1 mM PMSF, 0.1 M DTT and 0.5%
digitonin). TEV protease (100 units) was added to 1 ml TEV buffer and
500 μl was added to beads and incubated for 1 h at room temperature.
As the Cor2-TAP strain remained associated with the IgG beads after
TEV treatment, IgG beads were precipitated and rinsed in calmodulin
binding buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 4 mM CaCl2, 1 mM
magnesium acetate, 1 mM imidazole, 10 mM 2-mercaptoethanol and
1% digitonin). Calmodulin agarose beadswere washed in binding buffer
and added directly to precipitated IgG beads. The mixed beads were
incubated at 4 °C with rotation for 4 h. IgG beads were removed from
the calmodulin bead bed magnetically. Calmodulin beads were washed
in binding buffer containing 0.3% digitonin. The bound proteins were
eluted by heating.
2.7. Qcr9-FLAG puriﬁcation
Mitochondria from cells expressing Qcr9-FLAG construct, grown on
synthetic glucose medium with auxotrophic selection, were isolated
as described above. Mitochondria were lysed at 4 °C in lysis buffer
(20 mM Tris, pH 7.4, 100 mM NaCl, 1 mM PMSF, 1% digitonin, 0.5 mM
EDTA and 10% glycerol) and clariﬁed by centrifugation at 20,000 ×g
for 20 min. Solubilized mitochondrial proteins were incubated withFLAG-conjugated agarose beads overnight at 4 °C and then washed
with buffer containing 20 mM Tris (pH 7.4), 100 mM NaCl, 1 mM
PMSF, 0.3% digitonin, 0.5 mM EDTA and 10% glycerol. Bound proteins
were eluted by heating.
3. Results
3.1. Cor2-TAP can replace the endogenous Cor2 in ΔRIP1/ΔCOR2 and
ΔCOR1/ΔCOR2 double deletion yeast strains
As previously found [1], when mitochondria from wild-type (WT)
yeast were resolved by native gel electrophoresis and analyzed by
immunodecoration with an antiserum that recognizes both Cor1 and
Cor2 proteins, the bc1 complex was detected in three different bands
corresponding to the 670 kDa homo-dimeric bc1 and the ternary com-
plexes of cytochrome bc1 dimers associated with one (850 kDa band)
and two copies (1000 kDa band) of the CcO complex (Fig. 1A, lane 1).
Yeast cells lacking Cor2 protein failed to assemble the mature bc1
complex and stalled at the bc1 early core containing Cyt b, Qcr7 and
Qcr8, as previously demonstrated [1,2]. In agreement with that, when
mitochondria fromΔCOR2 yeast strainwere resolved by native gel elec-
trophoresis and analyzed by immunodecoration with an antiserum
directed against Cor1 and Cor2 proteins, we observed some lowmolec-
ularweight bands containing Cor1 (Fig. 1A, lane 2), most probably asso-
ciated to Cyt c1 as previously found [1,2]. Interestingly, in the ΔCOR2
strain carrying Cor2-TAP vector the homo-dimeric bc1 of about 670 kDa
as well as the two supercomplexes of 850 and 1000 kDa were found
(Fig. 1A, lane 3). In addition, ΔCOR2 strain grew on respiratory media
when expressing Cor2-TAP (Fig. 1B), suggesting that the expression of
Cor2-TAP in the ΔCOR2 strain is able to productively replace the endoge-
nous Cor2 protein and therefore to restore the physiological assembly of
the yeast bc1 complex. Accordingly, the activity of the bc1 complex in
the genetically modiﬁed ΔCOR2 strain expressing Cor2-TAP was similar
to that found in the WT strain (Fig. 1C).
The absence of Cor2 caused a strong defect also in theΔRIP1/ΔCOR2
double deletion strain. This defect was similar to that seen in theΔCOR2
strain, implying the arrest of bc1 maturation at the early core step [1,2].
Interestingly, the expression of Cor2-TAP in the ΔRIP1/ΔCOR2 double
deletion strain led to the accumulation of a bc1 subcomplex of about
500 kDa (Fig. 1A, lane 5) which appeared to be similar to the bc1 late
core found in the deletion strain lacking Rip1 (Fig. 1A, lane 4). Indeed,
the two-dimensional analysis of this 500 kDa subcomplex revealed
the presence of Cyt b, Cyt c1, Cor1 and Cor2-TAP proteins, Qcr6, Qcr7,
Qcr8 and Qr9 (Fig. 1B). On the contrary, no association of this late core
with Cox2protein (subunit II of CcO)was observed (Fig. 1D), supporting
the hypothesis that this nonfunctional assembly intermediate is so
loosely associated with CcO and that the resulting supercomplex is
largely destabilized by BN-PAGE conditions [11]. Furthermore, the
two-dimensional analysis revealed that while Bcs1 seems to be part of
the late core, Cbp3 and Cbp4 did not interact with it, because these
small chaperones co-migrated in a very low molecular weight region
(Fig. 1D).
It was previously found [1,2,16] in some yeast mutant strains
(ΔQCR7, ΔQCR8, ρ0, ΔCOR1, ΔCOR2) that Cyt c1 was able to bind the
core proteins before to be assembled into the bc1 complex. Here we
show that Cytc1 was associated with the TAP-tagged Cor2 following its
expression in ΔCOR1/ΔCOR2 deletion strain (Fig. 2). This result is simi-
lar to that obtained in ΔQCR7, ΔQCR8, ρ0 and ΔCOR1 mutant strains in
which a subcomplex of about 100 kDa containing Cyt c1 and Cor2 was
repeatedly found [1]. As expected, the ΔCOR1/ΔCOR2 deletion strain
also contained the bc1 early core made up of Cyt b plus Qcr7 and Qcr8
(Fig. 2). However, the small subcomplex of about 100 kDa containing
Cyt c1 and Cor2 was not incorporated into the bc1 early core because
of the absence of Cor1 (Fig. 2). Furthermore, antibodies directed against
Cbp3 and Cbp4 revealed the presence of these assembly factors in the
bc1 early core (Fig. 2). These ﬁndings underline the involvement of
Fig. 1. Resolution ofmitochondria fromwild type yeast,ΔCOR2 andΔCOR2 expressing Cor2-TAP plasmid,ΔRIP1 andΔRIP1/ΔCOR2 expressing Cor2-TAP plasmid by BN/PAGE and detection of
cytochrome bc1 complexes by immunodecoration with an antiserum that recognizes both core 1 (Cor1) and core 2 (Cor2) proteins (A). Growth test on glucose or glycerol medium of WT,
ΔCOR2 and ΔCOR2 expressing Cor2-TAP plasmid cells (B). Bc1 complex activity of mitochondria fromWT, ΔCOR2 and ΔCOR2 expressing Cor2-TAP plasmid (C). Resolution of mitochondria
from ΔRIP1/ΔCOR2 yeast expressing Cor2-TAP plasmid by BN/PAGE followed by SDS/PAGE and detection of cytochrome bc1 complex proteins by immunodecoration with antibodies against
the proteins indicated on the left side of the gel blot (D). *, p b 0.05.
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mitochondrial membrane. In addition, we also found that the antibody
against Cox2 protein reacted in the same molecular mass region of
about 230 kDa, suggesting that this CcO subunit (or possibly themono-
meric form of CcO) could bind the Cyt b/Qcr7/Qcr8 subcomplex. Finally,
in this doublemutant strain a subcomplex of about 66 kDawas detected
with antibodies directed against Rip1 and Qcr9 (Fig. 2), suggesting that
these two subunits may form an intermediate during the bc1 complex
assembly as previously hypothesized [10,26,27].
Overall, these results indicate that the Cor2-TAP protein productive-
ly substitutes for the endogenous Cor2 protein thereby rescuing the bc1
late core in theΔRIP1/ΔCOR2 double deletion strain. On the other hand,the interaction of the Cor2-TAP protein with Cyt c1 found in theΔCOR1/
ΔCOR2 deletion strain reinforces the previous ﬁnding of a bona ﬁde in-
teraction between this redox protein and core proteins during the early
steps of bc1 assembly.
3.2. The non-functional bc1 late core and the CcO complex associate to form
supercomplex
When TAP was performed in ΔCOR2 strain expressing Cor2-TAP the
immunodecorationwith antibodies directed against core proteins 1 and
2 resulted in the resolution of two protein bands corresponding to Cor1
and Cor2-TAP (Fig. 3A, lane B). All the other bc1 subunits were also
Fig. 2. Resolution of mitochondria from ΔCOR1/ΔCOR2 yeast expressing Cor2-TAP
plasmid by BN/PAGE followed by SDS/PAGE and detection of cytochrome bc1 com-
plex proteins by immunodecoration with antibodies against the proteins indicated
on the left side of the gel blot.
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CcO enzyme (Fig. 3A, lane B), conﬁrming the association between the
mature bc1 complex and the CcO complex [1–4].Fig. 3. Characterization of bc1 complex or subcomplexes in the deletion strains lacking Cor2, Rip1
with digitonin-solubilizedmitochondria isolated from the indicated strains expressingCor2-TAP
(U) after the ﬁrst step of puriﬁcation and the unbound proteins after washing 2 and 3 (W
Immunoprecipitation.As shown above, cells lacking Cor2 and Rip1 but expressing Cor2-
TAP stalled to the bc1 late core (Fig. 1A, lane 5). The presence of Cor2-
TAP not only led to the late core accumulation in ΔRIP1/ΔCOR2 double
deletion strain, but also induced the stabilization of the Cox2-containing
supercomplex (Fig. 3B, lane B).While this interaction seemed to be large-
ly destabilized by BN-PAGE conditions, co-immunoprecipitation assay
revealed a stable late core-CcO supercomplex inΔRIP1/ΔCOR2 expressing
Cor2-TAP, as shownby the presence of Cox2 in the eluted binding fraction
(Fig. 3B, lane B). These results suggest that Cor2-TAP progressively
rescued the late core leading to the addition of Cor1 and Cyt c1 to the
early core (formed by Cyt b, Qcr7 and Qcr8) and also progressively con-
verted this assembly intermediate into respiratory complexes containing
Cox2 subunit (Fig. 3B, lane B).
In addition, the Cor2-TAP expression in place of the endogenous
Cor2 in ΔCOR1/ΔCOR2 deletion strain demonstrated the existence of a
speciﬁc interaction between Cyt c1 and Cor2-TAP proteins (Fig. 3C,
lane B). This protein interaction appears onlywhen the bc1 late core for-
mation is strongly compromised as it happens in the ΔCOR1/ΔCOR2
mutant strain.
Overall, these results show that the bc1 late core is able to interact
with the CcO complex forming a respiratory, although immature,
supercomplex during the multi-step process of bc1 assembly.
3.3. Bcs1 is associated to the bc1 late core and to the dimeric bc1 complex
A high number of non-subunit proteins have been identiﬁed as
being important for the biogenesis of the bc1 complex. As previously
mentioned, Cbp3 and Cbp4 presumably stabilized the newly synthe-
sized Cyt bwhile it receives its two heme b cofactors and forms interac-
tions with additional bc1 subunits. In agreement with this function,
Cbp3 and Cbp4 did not bind Cor2-TAP as shown in Fig. 4.
Differently from Cbp3 and Cbp4, Bcs1 is an assembly factor involved
in the ﬁnal step of bc1 complex biogenesis, in which the Rip1 insertion
into the bc1 late core does occur [11,16–18]. It has been proposed that
Bcs1 mediates the export of the folded FeS domain of Rip1 across the
inner mitochondrial membrane and the insertion of its transmembrane
segment into the late core [17], thus conferring to this chaperone an
unusual role in protein translocation. In order to gain insights into this
intriguing phenomenon, we analyzed mitochondria from ΔCOR2,/Cor2, Cor1/Cor2 expressing vector borne Cor2-TAP. Cor2-TAP puriﬁcationwas performed
, showing the total proteins (T), the total solubilized proteins (S) and theunbound proteins
2, W3) and the eluted bound proteins (B) collected at the end of the procedure. IP =
Fig. 4. Association of complex or subcomplexes in the deletion strains lacking Cor2, Rip1/Cor2, Cor1/Cor2 expressing vector borne Cor2-TAP with Bcs1, Cbp3 and Cbp4 assembly factors.
Cor2-TAP puriﬁcationwas performedwith digitonin-solubilizedmitochondria isolated from the indicated strains expressing Cor2-TAP, showing the total proteins (T), the total solubilized
proteins (S) and the unbound proteins (U) after the ﬁrst step of puriﬁcation and the unbound proteins after washing 2 and 3 (W2,W3) and the eluted bound proteins (B) collected at the
end of the procedure. IP = Immunoprecipitation.
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TAP by immunoprecipitation. Interestingly, Bcs1 was found in the TAP
binding fraction in the ΔCOR2 expressing Cor2-TAP strain containing
the dimeric bc1 complex (Fig. 4A, lane B) and in theΔRIP1/ΔCOR2mutant
strain that accumulates the bc1 late core (Fig. 4B, lane B). On the contrary,
the Cyt c1-Cor2-TAP subcomplex formed in the ΔCOR1/ΔCOR2 mutant
expressing the TAP-tagged Cor2 did not show any association with Bcs1
(Fig. 4C, lane B).
These results show that the Bcs1 chaperone binds not only to the bc1
late core (lacking Rip1) but also, unexpectedly, to the mature dimeric
bc1 complex in which all the protein subunits have been assembled.
3.4. The bc1 late core assembly intermediate is structurally dimeric
The bc1 complex is structurally dimeric and spans the inner mito-
chondrial membrane, but it is still unknown when the complex dimer-
izes during the multi-step process of assembly. In order to investigate
the structural characteristics of the late core intermediate, we analyzed
mitochondria from ΔRIP1 cells expressing Cor2-TAP by immunoprecip-
itation assay. As previously reported, the lack of Rip1 led to the accumu-
lation of the bc1 late core, consisting of Cyt b, Cyt c1, the two coreFig. 5. Structural characterization of the late core bc1 assembly intermediate in the deletion stra
control whereas cells lacking Cor2 as negative control. Finally, Rip1 null cells without Cor2-TA
bound fraction. Cor2-TAP puriﬁcation was performed with digitonin-solubilized mitochondria
the total solubilized proteins (S) and the unbound proteins (U) after the ﬁrst step of puriﬁcation
(B) collected at the end of the procedure. IP = Immunoprecipitation.proteins and Qcr6, Qcr7, Qcr8 and Qcr9 [1,2,10,18]. We supposed that
whether also Cor2 was pulled down from the subcomplex intermediate
containing Cor2-TAP, the late core structure should be dimeric, such as
in wild type strain. Indeed, when immunoprecipitation was performed
using mitochondria fromWT strain expressing Cor2-TAP, three differ-
ent bands were immunodecorated corresponding to Cor1, Cor2 and
Cor2-TAP (Fig. 5A, lane B), according to the dimeric structure of the
mature bc1 complex. Actually, an additional bandwas found in the eluted
fraction (Fig. 5A, lane B), which perhaps represents a degradation product
of Cor2-TAP, because it was absent when the vector was not expressed
(Fig. 5D) and when the antibody against only Cor1 subunit was used
(data not shown). On the contrary, the extra banduponCor2-TAP overex-
pression was observed when an antibody against TAP tag was used (data
not shown) thereby conﬁrming our previous hypothesis.
Similarly to WT strain, when TAP was carried out with ΔRIP1
mitochondria, both Cor2 and Cor2-TAP were immunodetected in
the pulled down fraction, as well as Cor1 (Fig. 5B).
The afﬁnity puriﬁcation of bc1 subunits from ΔCOR2 mutant following
Cor2-TAP expression resulted in obvious lacking the endogenous Cor2
subunit (Fig. 5C), whereas no bandswere immunodecorated inmitochon-
dria puriﬁed from ΔRIP1 strain without Cor2-TAP expression (Fig. 5D).in lacking Rip1 expressing vector borne Cor2-TAP. The wild type strain is used as positive
P vector expression are used to keep out the presence of non-speciﬁc bands in the eluted
isolated from the indicated strains expressing Cor2-TAP, showing the total proteins (T),
and the unbound proteins afterwashing 2 and 3 (W2,W3) and the eluted bound proteins
Fig. 6. Structural characterization of the late core bc1 assembly intermediate in the deletion strain lacking Rip1 expressing vector borne Qcr9-FLAG. Wild type strain is used as positive
control whereas Rip1 null cells without Cor2-TAP vector expression are used to keep out the presence of non-speciﬁc bands in the eluted bound fraction. Qcr9-FLAG puriﬁcation was
performedwith digitonin-solubilizedmitochondria isolated from the indicated strains expressingQcr9-FLAG, showing the total proteins (T), the total solubilized proteins (S), theunbound
proteins (U), the unbound proteins after washing (W) and the eluted bound proteins (B). IP = Immunoprecipitation.
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same ΔRIP1 strain which accumulates the bc1 late core intermediate,
since the supernumerary Qcr9 subunit can also be contained in this
subcomplex [1,2,10].
Immunoprecipitation of FLAG-tagged protein resulted in co-isolation
of Qcr9 and Qcr9-FLAG (Fig. 6B) in mitochondria from ΔRIP1 mutant
consistently with the ﬁndings previously shown (Fig. 5B). As expected,
the dimeric bc1 complex in WT strain contained both Qcr9 and Qcr9-
FLAG (Fig. 6A), whereas just the endogenous Qcr9 protein was found
inΔRIP1mitochondria lacking Qcr9-FLAG expression (Fig. 6C). Reduced
levels of endogenous Qcr9 subunit observed in ΔRIP1 mitochondria
could be explained by a compromised Qcr9 stabilization in the absence
of Rip1 (Fig. 6B, C), based on their hypothesized interaction during the
bc1 complex assembly [27].
Thus, the bc1 late core intermediate lacking Rip1 possesses a dimeric
structure excluding a potential role of this catalytic protein in thedimer-
ization process.
4. Discussion
Although in the last years the bc1 complex biogenesis has been
investigated deeply, several important questions remain to be clariﬁed.
Previously we proposed a hypothetical model of bc1 assembly in yeast
on the basis of the results obtained by two-dimensional analysis of
mitochondria isolated from several yeast mutant strains [1,2]. In the
present study we used a new methodological approach that permitted
us to improve knowledge previously available. The new model of bc1
assembly in yeast mitochondria is depicted in Fig. 7.
Our analysis shows that a stable late core assembly intermediate is
formed in the absence of Rip1when Cor2-TAP replaced the endogenous
Cor2 (Fig. 1A, lane 5). Furthermore, an interaction between the non-
functional late core and the CcO complex was shown by co-isolation
of bc1 subunits and Cox2 (Fig. 3B). In agreement with this result, some
respiratory complexes, smaller than the supercomplexes, yet containing
protein subunits belonging to both the bc1 and the CcO complexes,were
found in the ΔRIP1 yeast mutant strain [11]. This suggests that in the
absence of Rip1 an association between complexes III and IV, even if
incomplete and non-productive, does occur. However, the respirato-
ry complex association found in cells lacking Rip1 is weak, thus
corroborating the notion that the formation of supercomplexes
requires the presence of the functionally assembled bc1 and CcO
complexes [4,27].
A major observation of the present study regards the role of the
assembly factor Bcs1. This AAA ATPase protein is directly required
for the assembly of Rip1 into the bc1 complex [11,16–18,25]. Bcs1
physically associates with the bc1 complex during a late step in its
assembly process. Release of Bcs1 is driven by ATP hydrolysis and
precedes the insertion of Rip1 and Qcr10 [28]. Here we show thatBcs1 still interacts with the mature bc1 complex whose formation
follows Rip1 incorporation (Fig. 4A, lane B), thus reinforcing previ-
ous observations obtained with the use of two-dimensional analysis
[1,2].
On the contrary, Cbp3 and Cbp4 do not interact with Cor2-TAP
protein in all the strains analyzed in this study (Fig. 4), according
to their function in Cyt b maturation [12–15]. Indeed, the binding
of Cbp3 along with Cbp6 to cytochrome b is important to protect
the newly synthesized polypeptide from proteolytic degradation
and to promote its insertion into the innermitochondrial membrane.
This assembly step does possibly require Cbp4 factor that mediates
the assembly of cytochrome b into a functional bc1 complex [14].
The two-dimensional analysis of the ΔCOR1/ΔCOR2 deletion strain
expressing Cor2-TAP showed a co-migration of the bc1 early core
and Cbp3 and Cbp4 (Fig. 2), whereas the bc1 late core did not contain
them.
As expected, the expression of Cor2-TAP in mitochondria from
ΔCOR1/ΔCOR2 mutant rescued the small subcomplex between Cor2-
TAP and Cyt c1, as shown by two-dimensional analysis (Fig. 2) and co-
immunoprecipitation assay (Fig. 3C, lane B). The CcO complex seems
to interact with the bc1 early core structure (Fig. 2) and with the bc1
late core (Fig. 3B, lane B), but not with the Cor2-TAP/Cyt c1
subcomplex (Fig. 3C, lane B). These results lead us to suppose that
Cyt c1 and Cor2 are not involved in the bc1-CcO supercomplexes for-
mation. Furthermore, these data are consistent with the observa-
tion that the two core proteins are not predicted to reside at the
interface of bc1 and CcO based on the yeast cryoEM image recon-
struction model [29]. On the contrary, a role for Cyt c1 cannot be
excluded [29].
As previously proposed, the molecular mass of 500 kDa of the bc1
late core could be attributed to a monomeric state of the immature
bc1 complex associated to still unknown assembly factors or, alter-
natively, to a dimeric state of the immature complex plus a single
copy of the chaperone Bcs1. Here we show that the late core already
possesses a dimeric structure, as revealed by co-isolation of Cor2
and Cor2-TAP (Fig. 5B), as well as Qcr9 and Qcr9-FLAG (Fig. 6B)
from Rip1 null cells. That being so, it is important to highlight that
Rip1, irrespective of its trans-dimeric topology, seems dispensable
for the dimerization process of the bc1 complex. On the contrary, a
possible role for this catalytic protein in the supercomplex forma-
tion can be envisaged. Indeed, although we were able to pull down
Cox2 from the bc1 late core lacking Rip1, this binding seems weak
thereby rendering the immature supercomplex unstable under BN-
PAGE conditions. This hypothesis is also supported by recent ﬁnd-
ings showing a marked stabilization of bc1-CcO supercomplexes
following the expression of the N-terminal trans-membrane domain of
Rip1 [30]. Rip1 integration into the bc1 core structure might trigger a
general rearrangement of the bc1 complex (or of the bound assembly
Fig. 7. Schematic model of the cytochrome bc1 complex assembly. The picture does not accurately reproduce structural and topological features of the individual subunits.
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stable.
This bc1-CcO stabilization may derive i) from the formation of
mature cytochrome bc1 following Rip1 insertion into the late core
and hence may represent an indirect effect of Rip1 or ii) from a di-
rect interaction of Rip1 with a putative partner subunit of CcO or
iii) from still unknown molecular mechanisms triggered by Rip1 in-
sertion. Further investigations are therefore necessary in order to unveilthe molecular details of the respiratory supercomplex formation into the
inner mitochondrial membrane.
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